In mammals, the 59-residue ribosomal protein S30 (rpS30) is synthesized as a fusion to a 74-residue ubiquitin-like protein, which is cleaved to yield mature rpS30. An artificial fusion of this ubiquitin-like protein to E. coli ␤-galactosidase was not cleaved when expressed in yeast (Saccharomyces cerevisiae), indicating that yeast lack this cleaving activity. The yeast rpS30 homolog (yrpS30) was purified and sequenced to reveal a 63-residue protein with 61% sequence identity to mammalian rpS30. Degenerate oligonucleotides based on the yrpS30 sequence were used to isolate full-length yrpS30 cDNAs. Sequence analysis of five cDNA clones revealed that yrpS30 is not synthesized as a fusion to a ubiquitinlike protein but is extended at its N terminus by a single methionine residue. The corresponding gene was identified in the GenBank TM data base by sequence alignment and termed RPS30A. The gene consists of two exons separated by a 430-base pair intron, which contains consensus splicing elements. Exon 1 encodes the initiator methionine residue and is preceded by canonical yeast ribosomal protein gene promoter elements. Exon 2 encodes the 62-residue mature yrpS30. Genomic hybridization reveals that the RPS30A gene is duplicated. Disruption of the RPS30A gene is not lethal but confers a slow growth phenotype. Ribosomes in the mutant strains contain an authentic yrpS30 protein, indicating that a functional yrpS30 is expressed from the duplicated gene but that the reduced capacity for yrpS30 synthesis restricted the growth rate. Analysis of available DNA sequence data bases reveals that rpS30 is synthesized as a fusion to a ubiquitin-like protein in nematodes and mammals but unfused in yeast, plants, and protazoa.
In mammals, the 59-residue ribosomal protein S30 (rpS30) is synthesized as a fusion to a 74-residue ubiquitin-like protein, which is cleaved to yield mature rpS30. An artificial fusion of this ubiquitin-like protein to E. coli ␤-galactosidase was not cleaved when expressed in yeast (Saccharomyces cerevisiae), indicating that yeast lack this cleaving activity. The yeast rpS30 homolog (yrpS30) was purified and sequenced to reveal a 63-residue protein with 61% sequence identity to mammalian rpS30. Degenerate oligonucleotides based on the yrpS30 sequence were used to isolate full-length yrpS30 cDNAs. Sequence analysis of five cDNA clones revealed that yrpS30 is not synthesized as a fusion to a ubiquitinlike protein but is extended at its N terminus by a single methionine residue. The corresponding gene was identified in the GenBank TM data base by sequence alignment and termed RPS30A. The gene consists of two exons separated by a 430-base pair intron, which contains consensus splicing elements. Exon 1 encodes the initiator methionine residue and is preceded by canonical yeast ribosomal protein gene promoter elements. Exon 2 encodes the 62-residue mature yrpS30. Genomic hybridization reveals that the RPS30A gene is duplicated. Disruption of the RPS30A gene is not lethal but confers a slow growth phenotype. Ribosomes in the mutant strains contain an authentic yrpS30 protein, indicating that a functional yrpS30 is expressed from the duplicated gene but that the reduced capacity for yrpS30 synthesis restricted the growth rate. Analysis of available DNA sequence data bases reveals that rpS30 is synthesized as a fusion to a ubiquitin-like protein in nematodes and mammals but unfused in yeast, plants, and protazoa.
In all eukaryotes studied from yeast to humans there are two ubiquitin fusion genes that encode a single ubiquitin (Ub) 1 moiety fused to one of two ribosomal proteins (rps), rpS27a and a 52-residue protein recently identified as rpL40 in the rat (1) (2) (3) (4) (5) . Ub is a highly conserved 76-residue protein present in eukaryotes and archaebacteria but absent from prokaryotes. Ub is cleaved from these precursors by the actions of Ubspecific proteases (6) . Synthesis of these two rps as fusions to Ub is not essential, as demonstrated by the ability of the yeast rpS27a and rpL40 homologs expressed unfused to Ub to rescue the phenotypes of yeast mutants lacking genes encoding the respective Ub-rp fusions (2) . Ub appears to have a chaperone function in the fusion protein and enhances the yield of the ribosomal protein (2) . Consistent with this proposal, synthesis of several heterologous proteins as ubiquitin fusions enhances their yield in both bacteria and yeast (7) (8) (9) (10) (11) .
Recently, cloning of cDNAs and genes for human, rat, and mouse rpS30 has shown that it is synthesized as a fusion to a 74-residue ubiquitin-like protein (FUb) that has 36.8% sequence identity/56.6% sequence similarity to human Ub (12, 13) . A cDNA encoding this fusion protein has been acquired in an antisense orientation in the genome of the Finkel-BiskisReilly murine Sarcoma virus (FBR-MuSV) and increases the transforming capacity of FBR-MuSV (14) . The genomic origin of this cDNA has been termed FAU (FBR-MuSV-associated ubiquitously expressed) (12) . The FUb-rpS30 fusion is cleaved to release the free 59-residue rpS30, which is present in ribosomes unfused to FUb (13) . Thus the FUb-rpS30 gene is a structural analogue of the Ub-rp fusion genes; presumably the FUb moiety performs a similar chaperone role to its Ub counterpart.
As a part of our studies on Ub-specific proteases (Ubps) and given the sequence divergence of Ub and FUb, we wished to determine whether the FUb-rpS30 fusion is cleaved by Ub-"specific" proteases or by distinct enzymes. To assay FUb cleavage, we constructed a fusion of rat FUb to ␤-galactosidase and expressed this protein in yeast (Saccharomyces cerevisiae). The FUb moiety was not cleaved from the fusion, whereas analogous Ub-␤-galactosidase fusions are rapidly cleaved (6, 15) . This suggested that yeast lack a FUb-cleaving protease and that if yeast contained a functional counterpart of the mammalian rpS30 gene, the yeast gene must have a different structure.
To isolate the yeast rpS30 gene, we first purified and sequenced the rpS30 homolog from yeast, yrpS30. Degenerate oligonucleotides based on the yrpS30 sequence were used to isolate cDNA and genomic clones. Their structure revealed that yrpS30 was not synthesized as a fusion to a Ub-like protein, but with a single methionine residue at the N terminus that is not present in the mature yrpS30. Analyses of DNA sequence data bases reveals that rpS30 homologs are also synthesized unfused in protazoa and plants, while in nematodes and mammals the FUb fusion structure is present.
MATERIALS AND METHODS
Microbial Culture-Escherichia coli was cultured and transformed with plasmids according to standard procedures (16) . S. cerevisiae was grown in either rich (YPD) or minimal (SD) broth according to standard procedures (17) .
FUb-␤-Galactosidase Fusions-Total RNA was isolated from freshly isolated rat livers using the guanidine thiocyanate/phenol/chloroform procedure (18) . Poly(A) ϩ RNA was purified by oligo(dT)-cellulose chromatography (Pharmacia Biotech Inc.). cDNA was prepared from 15 g of poly(A) ϩ RNA using a kit supplied by Promega. The rat FUb coding region was amplified by the polymerase chain reaction (PCR) from this cDNA using oligonucleotides HFUB d(GCGAATTCAATATGCAGC-TCTTTG) and FUBMLGAL d(GTGGATCCGTGCAKTCCTCCAAGC-ATGCG) (K represents G or T). The PCR conditions were 5 cycles of 30 s at 95°C, 30 s at 44°C, and 30 s at 72°C followed by 25 cycles of 30 s at 95°C, 30 s at 68°C, and 30 s at 72°C. The 3Ј primer contains a degenerate base immediately following the last (Gly-74) codon of FUb, which yielded codons for either Met (ATG) or Leu (CTG), and a BamHI restriction site in frame with the BamHI site between the Ub and ␤-galactosidase (␤-gal) coding regions of pUB23 (15) . PCR products were cloned into M13 vectors and sequenced (U. S. Biochemical Corp.) to confirm the correct sequence. Fragments encoding either FUb-M or FUb-L were ligated in-frame to ␤-gal and positioned downstream of the GAL10 galactose-inducible promoter in the yeast 2-m plasmid YEplac181 (19) . Plasmids were transformed (20, 21) into yeast strain BWG1-7a (22) . Galactose induction, pulse-labeling with [ 35 S]methionine, chase, cell lysis, immunoprecipitation with an antibody to ␤-gal, SDS-polyacrylamide gel electrophoresis, and fluorography were performed exactly as described by Baker and Varshavsky (23) except that a polyclonal antibody to ␤-gal (Sigma) was used.
Preparation of Yeast Ribosomes-S. cerevisiae was cultured aerobically at 30°C for 16 h in YPD supplemented with leucine and uracil, and the cells were collected by centrifugation. The packed cells (20 ml) were washed with 5 volumes of Medium A (50 mM Tris-HCl, pH 7.4, 80 mM KCl, 10 mM MgCl 2 , 5 mM 2-mercaptoethanol), homogenized in Medium A with glass beads in a Braun homogenizer and centrifuged at 3000 rpm for 3 min at 4°C (Beckman JA 20 rotor) to remove the glass beads. The supernatant was centrifuged twice for 15 min at 12,000 rpm in a Beckman JA 20 rotor at 4°C; the postmitochondrial supernatant was then centrifuged at 40,000 rpm in a Beckman Ti45 rotor to obtain the crude ribosomal pellet. The resulting pellet was then resuspended in Medium A, 1% Triton X-100, 15 mM 2-mercaptoethanol, 0.5% deoxycholate and centrifuged through a double layer of 1.45 M sucrose/ Medium A (15 ml) over 1.8 M sucrose/Medium A (15 ml) for 18 h at 40,000 rpm in a Beckman Ti 45 rotor. The ribosomal pellets were resuspended in Medium A and stored in 200-l aliquots at Ϫ70°C.
RP-HPLC Analysis of Ribosomal Proteins-Ribosomal proteins (ϳ1.6 mg of protein) were extracted from yeast ribosomes in 6 M guanidine hydrochloride and were separated by RP-HPLC using a wide pore 4.6 ϫ 250-mm C 8 column (Bakerbond RP300, J. T. Baker) and guard column (Brownlee, 4.6 ϫ 30-mm RP300) according to the methods of Nick et al. (24) . Proteins were applied to the column equilibrated in 7% acetonitrile, 0.1% (v/v) aqueous trifluoroacetic acid and eluted with a discontinuous acetonitrile gradient increasing at 1.3% acetonitrile per min between 0 and 15 min, 0.25% per min between 15 and 55 min, and 1.3% per min between 55 and 70.4 min at a constant flow rate of 1 ml/min. The elution profile was monitored at A 214 , and individual peak fractions were collected manually into siliconized borosilicate tubes.
Endoproteinase Glu-C Digestion-RP-HPLC fractions (2 ml) containing yrpS30 were neutralized with 350 l of 1 M ammonium bicarbonate, pH 7.8, and 1 g of sequencing grade endoproteinase Glu-C (Boehringer Mannheim) was added. The digest was incubated at 24°C for 24 h before the addition of 300 l of 6 M guanidine hydrochloride. The digests were then concentrated by vacuum centrifugation (Hetovac), and the peptides were separated by RP-HPLC on a 5-l Waters Delta-Pak ODS column (2.1 ϫ 150 mm) using a linear gradient of 0 -50% (v/v) acetonitrile increasing at 0.75%/min in aqueous 0.1% trifluoroacetic acid at 0.2 ml/min. Peptide elution was monitored at A 214 , and the resulting peaks were subjected to mass spectrometry and Edman degradation.
Matrix-assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF)
Mass Spectrometry-A Finigan MAT LASERMAT (San Jose, CA) matrix-assisted laser desorption time of flight mass spectrometer was used for mass analysis. Samples were prepared by mixing matrix, 50 mM ␣-cyano-4-hydroxycinnamic acid in 50% acetonitrile, 0.1% trifluoroacetic acid and sample 1:1 (v/v) and applying 1-2 l to the sample slide. All mass estimations were calibrated using two internal mass standards: bovine ubiquitin, from Sigma; and S6-(229 -239) peptide (Ala-LysArg-Arg-Arg-Leu-Ser-Ser-Leu-Arg-Ala (Ref. 25)), which was synthesized on an Applied Biosystems model 430A automated peptide synthesizer using BOC chemistry. Mass values were calculated by averaging the values determined from 10 50-shot spectra.
Protein Sequencing-Amino-terminal amino acid microsequencing was carried out by automated Edman degradation using a gas liquid phase Applied Biosystems 477A protein sequencer fitted with an online model 120 phenylthiohydantoin-derivative analyzer.
Yeast cDNA Library Construction and yrpS30 cDNA Cloning-RNA isolation, poly(A)
ϩ RNA purification and cDNA synthesis were performed using S. cerevisiae strain YRB141 (6) as described above. A cDNA library was constructed in a modified gt11 vector (gt11-SfiNot; Promega) as described by the manufacturer. An 128-fold degenerate oligonucleotide YS301 (5Ј-d(GTCGGCCGAARGTYGARAARA-CYGARAARC)) corresponding to Pro 18 -Pro 26 of the N-terminal sequence of yrpS30 was synthesized. YS301 also adds an EagI restriction site (underlined) to facilitate cloning. The second primer, NOT-PCR (5Ј-d(CTCAATTCGCGGCCGCTTTT)) is similar to the NotI-oligo(dT) primer used to prime first strand synthesis (Promega) and is present at the 3Ј end of every cDNA. These two primers were used to amplify yeast cDNA with 32 cycles of 30 s at 95°C, 30 s at 54°C, and 30 s at 72°C. The most abundant product (ϳ200 bp) was digested with EagI (EagI cleaves within the NotI site), ligated into modified M13 vectors containing a NotI site, and sequenced. These M13 vectors were prepared by replacing the SacI-PstI region of the mp18 and mp19 polylinkers (26) with the SacI-PstI fragment from the pBluescript polylinker (Stratagene) to produce mpRB18 and mpRB19. After sequencing, the insert was purified, labeled with 32 P-dATP, and used to screen the yeast cDNA library plated on E. coli LE392 as described elsewhere (16) . Positive clones after second round screening were picked into 100 l of SM buffer (16) and eluted for 1 h, and 5 L was used as a template for a PCR reaction with a primers flanking the cloning site in gt11 (New England Biolabs). Amplified inserts were digested with EcoRI and NotI, cloned into mpRB18/19, and sequenced in duplicate to minimize the risk of PCR error. Sequences were analyzed using the GCG package of programs (Ref. 27; version 8 (1994) , Genetics Computer Group, Madison WI) as provided by the Australian National Genome Information Service (ANGIS). Data base searches were conducted using the FastA and TFastA programs. Alignments were performed using the Bestfit program.
Genomic DNA Hybridization and Targeted Gene DisruptionGenomic DNA was isolated from S. cerevisiae strain BBY45 (28) by glass bead/phenol/chloroform extraction (29) , digested with restriction enzymes, electrophoresed in an 0.8% agarose gel, transferred to a nylon membrane (Amersham Corp.), and hybridized with 32 P-dATP-labeled DNA fragments using standard procedures (16) . The RPS30A gene was disrupted by homologous recombination by the method of Rothstein (30) . The URA3 gene (isolated as a 1.1-kb HindIII fragment from YEp24 (New England Biolabs) and made blunt with E. coli DNA polymerase Klenow fragment) was inserted between the two HincII sites within the yrpS30 coding region. The resulting linear DNA was transformed into the diploid S. cerevisiae strain DF5 (31), and its haploid derivative BBY45 (Mata, ura3-52, leu2-3, 112, trp1-1(am), his3-⌬200, lys2-801; Ref. 28) . Uraϩ transformants were selected, and their RPS30A loci were analyzed by Southern hybridization with restriction enzymes diagnostic for the disruption. One such haploid strain was termed YRB216 (Mata, rps30a::URA3, ura3-52, leu2-3, 112, trp1-1(am), his3-⌬200, lys2-801).
RESULTS

Absence of FUb Protease Activity in Yeast-
In an effort to identify the protease(s) responsible for processing the mammalian FUb-rpS30 fusion protein, an artificial fusion of FUb to ␤-gal was constructed (see "Materials and Methods"). This fusion is analogous to the Ub-␤-gal fusions used to study the N-end rule of protein degradation (15, 32) . Ub-␤-gal fusions have also been used to isolate ubiquitin-specific proteases from yeast (6) . FUb-␤-gal fusions were constructed that would expose either M or L (stabilizing or destabilizing residues, respectively; Ref. 15) if FUb was cleaved. Expression of either ␤-gal fusion protein in yeast resulted in stable fusion proteins, as judged by the formation of blue colonies in the presence of the chromogenic ␤-gal substrate X-gal (data not shown). Pulsechase and immunoprecipitation of ␤-gal from these cells was then done to confirm that a full-length fusion protein was being synthesized and whether FUb cleavage had occurred. As shown in Fig. 1 , whereas Ub was rapidly cleaved from Ub-M-␤-gal and a stable protein (M-␤-gal) was produced, FUb was not detectably cleaved from either FUb-M-␤-gal or FUb-L-␤-gal during the 30-min chase. The intact FUb-␤-gal fusions were stable proteins and were not degraded during the chase (Fig. 1) .
The noncleavage of the FUb-␤-gal fusion proteins in yeast could be explained by (i) the absence of FUb (and therefore FUb-cleaving activity) in yeast, or (ii) the presence of a FUbcleaving activity that was inhibited by the large ␤-gal extension as opposed to the small rpS30 extension. Previous work has shown that some yeast Ub-cleaving enzymes are inhibited by large extensions (6, 33) . Our initial assumption was that if yeast possessed a homolog of mammalian rpS30, it would be synthesized as a fusion to a Ub-like protein, given that the authentic Ub-rp fusion genes were so highly conserved in all eukaryotes. We therefore sought to establish whether an rpS30 homolog was present in yeast, and if so to isolate the gene encoding the yeast rpS30 homolog and determine its structure.
Isolation and Amino Acid Sequence Determination of the Yeast rpS30 Homolog-Ribosomal proteins extracted in acidified guanidine hydrochloride from yeast ribosomes were separated by RP-HPLC ( Fig. 2A) . The protein species in individual A 214 peak fractions were screened by MALDI-TOF mass spectrometry and N-terminal Edman degradation. Attention was focused on proteins in the mass range 6000 -7000 Da, corresponding to that of rat rpS30 (calculated mass of 6647.87 Da; Ref. 13) . The N-terminal sequence (24 residues) of one of the proteins isolated, which was found to have a mass of 6987 Ϯ 3.4 Da (Fig. 3) , exhibited 83% sequence identity with the corresponding region of rat rpS30 (residues 1-23; Ref. 13 ). This yeast protein will be referred to subsequently as yrpS30.
To obtain the complete amino acid sequence of yrpS30, the RP-HPLC-purified protein was digested with endopeptidase Glu-C, and the digestion products were separated by RP-HPLC (see "Materials and Methods") (data not shown). Two Glu-C peptide fragments were isolated. One was identified by MALDI-TOF mass spectrometry as yrpS30-(Ala 1 -Glu 21 ), having closely matching calculated and experimentally determined masses of 2191.54 and 2193.3 Ϯ 0.6 Da, respectively. The second Glu-C-generated fragment was found to have a mass of 4816.0 Ϯ 1.4 Da, which was in the range expected of the C-terminal fragment of yrpS30. Sequence analysis of this peptide unambiguously identified 41 amino acid residues (Fig. 4) , the calculated mass of which (4817 Da) was in close agreement with its experimentally determined mass. The three-residue overlap between the N terminus of this fragment and the C-terminal residues identified in the direct sequence analysis of the intact protein (residues 22-24), enabled the assignment of a continuous sequence of 62 amino acid residues (Fig. 4) . The calculated mass of this overall sequence (6987.27 Da) corresponded exactly with the experimentally determined mass of the RP-HPLC-isolated rpS30-like protein, therefore establishing that the sequence identified corresponded to that of the complete sequence of the mature yrpS30. Sequence comparison established that the yeast sequence identified displayed 61% sequence identity with mammalian rpS30 sequences (Fig. 4) , confirming that the yeast protein was the homolog of mammalian rpS30. yrpS30 has an extra amino acid residue at the N terminus and two extra residues at the C terminus when compared with its mammalian counterpart (Fig. 4) . The sequencing yields from yrpS30 were similar to other low molecular weight ribosomal proteins (e.g. rpS27a, rpL40; data not shown), indicating that yrpS30 is present in stoichiometric amounts in ribosomes.
Isolation and Sequencing of Yeast S30 cDNA Clones-A 128-fold degenerate oligonucleotide YS301 was derived from residues Pro 18 -Pro 26 of the yrpS30 peptide sequence determined above. This oligonucleotide was used to amplify total yeast (S. cerevisiae) cDNA in conjunction with a second oligonucleotide that would prime from the poly(A) tail end of all cDNA clones (see "Materials and Methods"). A predominant product of ϳ200 bp was obtained (data not shown). This product was purified, cloned, and sequenced. The predicted translation product was identical to residues 18 -62 of the yrpS30 sequence (with residues 18 -26 encoded by the YS301 primer sequence) and was followed by 60 bp of 3Ј-untranslated region but no poly(A) tail (data not shown). This fragment was used as a probe to screen a yeast cDNA library. The inserts from five positive plaques were sequenced on both strands and yielded sequences containing a perfect match to the PCR product and extending further 5Ј and 3Ј. The cDNA clone with the largest insert (clone 4.4; 414 bp plus 24-bp poly(A) tail) contained an open reading frame coding for a 63-amino acid protein (Fig. 5) . This protein was identical to the 62-residue yrpS30 sequence obtained from the purified ribosomal protein except that it was preceded by a single Met residue. There was no evidence of any ubiquitin-like sequence in any reading frame upstream of this Met residue. The open reading frame was preceded by a 34-bp 5Ј-untranslated region and followed by a 191-bp 3Ј-untranslated region and a poly(A) tail. The same polyadenylation site was observed in all five clones. Two clones had 5Ј-untranslated regions of 34 bp, one of 19 bp, and two of 5 bp. Thus, the yeast rpS30 homolog is not synthesized as a fusion to a ubiquitin-like protein (or any other protein) but instead is preceded by a single Met residue, which is not present in the mature protein, presumably due to processing by methionine aminopeptidase.
The Yeast yrpS30 Gene RPS30A-A search of the GenBank TM data base using the cDNA sequence identified a perfect match over most of its length with a sequence originating from S. cerevisiae chromosome XII (accession number U17243). The sequences diverged upstream of the codon for the mature yrpS30 N-terminal Ala residue, at a sequence that matches the splice acceptor consensus (Fig. 5) . Further comparison to the cDNA sequence revealed the presence of a 430-bp intron at this point, and that sequence identity to the cDNA clone returned upstream of the intron. The intron also contains consensus splice donor and branch point sequences (Fig. 5) . Thus, the RPS30A gene consists of two exons. The first exon is at least 37 bp long, consisting of the 34-bp 5Ј-untranslated region and initiator methionine codon. The second exon encodes the 62 amino acids of the mature yrpS30 and contains the 191-bp 3Ј-untranslated region. This structure is very similar to the yeast rp51 gene, where a 398-bp intron interrupts the gene immediately after the initiator Met codon (34) . We have termed this gene RPS30A to reflect that it encodes a yeast homolog of the mammalian rpS30 and that it is duplicated (see below). Warner and Gorenstein (35) Warner and Gorenstein (35) is slightly acidic, whereas the RPS30A-encoded protein has a calculated pI of 12.24. The RPS30A gene was not identified as an open reading frame by the yeast genome sequencing project because it contains less than 100 codons. For the same reason it has escaped detection by automatic intron detection software (36) . The region upstream of exon 1 contains two sequence elements commonly observed in yeast ribosomal protein gene promoters. First, two sequences matching the consensus binding site for Rap1p (previously termed UAS rpg elements) (37) are present. Second, a T-rich polypyrimidine tract (14 residues) is located downstream of the Rap1p binding sites (Fig. 5) . These elements and the presence of introns are hallmark features of yeast ribosomal protein gene architecture (38, 39) . Thus the RPS30A gene has a typical ribosomal protein gene structure. However, the absence of a ubiquitin-like coding region from the yeast gene is in marked contrast to the structure of mammalian rpS30 genes. The human rpS30 gene consists of five exons (12) . Exons 2 and 3 encode the FUb protein, while exons 4 and 5 encode rpS30. These gene structures are compared in Fig. 6 . As the FUb and S30 proteins are encoded by separate sets of exons, exon shuffling could be invoked to explain the evolution of the fusion gene. Alternatively, an FUb-encoding exon may have been lost from yeast.
Evolution of Ribosomal Protein S30 Gene Structure-A data base search using the TFastA algorithm (27) revealed several cDNA sequences encoding rpS30 homologs from various species. These sequences are expressed sequence tags (ESTs) arising from cDNA library sequencing projects and in many cases are not complete and/or require frameshifts to derive an rpS30-like protein. However, all fall into two structural classes: (i) those where the rpS30 homolog is preceded by a single Met residue (Arabidopsis thaliana, Plasmodium falciparum, Trypanosoma brucei, Toxoplasma gondii), and (ii) those where rpS30 is synthesized fused to an FUb-like protein (Caenorhabditis elegans, Caenorhabditis briggsae, Brugia malayi) (Fig. 7) . Thus, from this small representation of species, it is likely that rpS30 homologs are synthesized unfused in simple eukaryotes and plants and as a fusion to a ubiquitin-like protein in nematodes and above.
RPS30A Gene Copy Number and Deletion-Southern analysis was conducted on yeast genomic DNA digested with several restriction enzymes, resolved in an agarose gel, and hybridized with the yrpS30 cDNA probe. Two hybridizing fragments were observed with the three enzymes used (Fig. 8A) and also HindIII (not shown), indicating that a closely related sequence exists in the yeast genome. The size of one fragment in each digest was consistent with the restriction map predicted from accession number U17243 (Fig. 8B) . The other hybridizing fragment is a candidate for a duplicated gene; many (but not all) yeast ribosomal protein genes are duplicated (39) , including the ubiquitin-52 amino acid ribosomal protein fusion gene (UBI1/UBI2; Ref. 1). In an effort to identify related sequences, inserts from four weakly hybridizing clones from the original cDNA library screening were sequenced to reveal that all were identical to the RPS30A gene and therefore presumably derived from it (data not shown).
To ascertain whether the RPS30A gene was essential, a gene disruption/deletion construct was engineered by introducing the URA3 gene between the two HincII sites within the yrpS30 coding region of the cDNA clone (see "Materials and Methods"). This construct disrupts the coding region after codon 44 of the mature yrpS30 and deletes codons for residues [45] [46] [47] [48] [49] (Fig. 8B,  Fig. 5 ). The RPS30A gene was disrupted in both diploid and haploid ura3 yeast strains by homologous recombination as described by Rothstein (30) . Correct integration at the RPS30A locus was confirmed by Southern analysis of both diploid and haploid strains using restriction enzymes diagnostic for the transplacement (Fig. 8A and data not shown) . In three haploid and three diploid disruptants the rps30a::URA3 allele was targeted to the 4.0-kb PstI fragment, the 4.1-kb EcoRI fragment, and the 15-kb ScaI fragment (Fig. 8A and data not shown). These fragments are consistent with the restriction map predicted for the RPS30A locus (Fig. 8B) , while the other fragment in each digest contains the apparently duplicated gene, provisionally called RPS30B.
The ability to inactivate the RPS30A gene in a haploid strain indicates that yrpS30 is not essential for vegetative growth. However, rps30a::URA3 strains grew slightly slower, with a doubling time in rich (YPD) media of 2.0 h compared with 1.5 h for a congenic RPS30A strain. RP-HPLC and subsequent sequence analysis of ribosomes isolated from the rps30a::URA3 strain YRB216 showed that yrpS30 was present in a similar amount relative to other ribosomal proteins and that the A 214 RP-HPLC profile resembled that for the parent yeast strain containing the functional RPS30A gene except for the relative sizes of minor unidentified peaks (Fig. 2, A versus B) . (The RP-HPLC profile shown in Fig. 2B is representative of four independent experiments.) Extended N-terminal sequence (26 residues identified) and mass spectrometric (mass of 6985.4 Ϯ 5.0) analyses established that the yrpS30 species expressed in the rps30a null strain YRB216 was structurally identical to yrpS30 isolated from yeast strains containing the functional RPS30A gene (see Fig. 2B legend) . Presumably the duplicated RPS30B gene can almost fully compensate for the absence of RPS30A, and the slow growth phenotype of the rps30a::URA3 mutant is a gene dosage effect. We are attempting to isolate the duplicated gene to determine its structure. Using PCR and RPS30A primers, we have obtained a 91-bp fragment from a haploid rps30a::URA3 strain that shows 3.3% sequence divergence from RPS30A and most likely represents the duplicated gene RPS30B (data not shown). The three base differences all occur in the third position of a codon and do not alter the encoded protein, consistent with the N-terminal sequence and mass estimation obtained from the rps30a strain.
DISCUSSION
The presence of the two unusual structural types of Ub genes (polyubiquitin fusions and Ub-rp fusions) in all eukaryotes studied to date indicates that they arose early in eukaryotic evolution and were retained due to a selective advantage. The polyubiquitin structure allows the rapid synthesis of Ub monomers during the stress response (31) . While apparent nuclear localization signals within the "tails" of the Ub-rp fusion proteins were initially proposed to target Ub to the nucleus (40), subsequent identification of the tails as ribosomal proteins elucidated their function (2, 3) . Why rpS27a and rpL40 and no other ribosomal proteins evolved as Ub fusions remains unclear, although Finley et al. (2) proposed a chaperone role for Ub in the fusion structure, implying that these ribosomal proteins may be intrinsically unstable. The recent discovery that a third ribosomal protein, the mammalian rpS30, is synthesized as a fusion to a ubiquitin-like protein (FUb), extends this family of Ub-rp fusion proteins (12) (13) (14) . Although FUb is clearly diverged from Ub, presumably it performs a similar chaperone role in the synthesis of rpS30. In all cases, the Ub or FUb portions of these fusion proteins are cleaved off, and the ribosomal proteins are present in an unfused state in mature ribosomes as determined by N-terminal sequencing of purified ribosomal proteins. One variation in the Ub-rpS27a fusion structure has been observed in nematodes; Jones and Candido (41) found that rpS27a was synthesized fused to a 70-amino acid Ub-like protein (41% identical to Ub) instead of Ub in both C. elegans and C. briggsae. Although clearly diverged from the "authentic" Ub-rpS27a fusion, this variant still retains the overall Ub(like)-rp fusion structure.
However, we have clearly demonstrated that the yeast rpS30 homolog is not synthesized as a fusion to FUb (or to any polypeptide) but is preceded by a single methionine residue that is not present in the mature protein. Furthermore, our data show that yeast does not contain a protease activity that will cleave FUb-fusion proteins, whereas it contains multiple Ubps (6, 33, 42) . In addition, no FUb homolog is present in the currently sequenced portion of the yeast genome. Thus, FUb and the FUb-rpS30 fusion structure have arisen since divergence of a common yeast/mammal ancestor. The evolution of the FUb-rpS30 fusion structure can be further tracked from our observation that in plants (A. thaliana) and several protozoa (e.g. P. falciparum) rpS30 homologs are synthesized unfused, whereas in nematodes (e.g. C. elegans) the FUb-rpS30 fusion structure is present. The observation of Olvera and Wool (13) that plants (wheat germ extract) lack a FUb-cleaving activity, whereas one could be detected in rabbit reticulocyte extract, is consistent with our findings. It would thus appear that the FUb-rpS30 fusion gene arose after the divergence of the yeast and nematode lineages, much more recently than the two Ub-rp fusion genes. In both the yeast and human rpS30 genes there is an intron immediately preceding the rpS30 coding region, which is consistent with the fusion gene having evolved by exon shuffling resulting in the addition of a Ub(like) exon(s). The divergence of the FUb portion could have occurred either before or after the origin of the fusion gene. Either a ubiquitin-"specific" protease (Ubp) has co-evolved with FUb to be able to cleave it, or higher eukaryotes contain a Ubp(s) with sufficiently relaxed specificity to cleave FUb.
Johnson et al. (43, 44) observed that if Ub was not cleaved from a Ub-␤-gal fusion, then the Ub moiety targeted the protein for degradation via the ubiquitin-dependent proteolytic pathway; i.e. noncleavable Ub is a degradation signal. It is apparent from our results (Fig. 1 ) that noncleavable FUb does not function as a degradation signal in yeast. This may have several explanations due to the sequence divergence between Ub and FUb, including (i) FUb may not fold into a Ub shape and thus may not be recognized, and (ii) FUb does not contain a lysine residue in an analogous position to the Lys 48 of Ub (see Fig. 4B ) that is known to be the major site of ubiquitination when a protein is targeted for degradation by noncleavable Ub (43, 45) . In fact, FUb contains only one lysine residue that is not in an analogous position to any of the three lysine residues in Ub that have been identified as sites of multiubiquitin chain formation (Lys 29 Deletion of the RPS30A gene from yeast is not lethal and confers a slight slow growth phenotype, presumably because of the reduced capacity for yrpS30 synthesis. The isolation of yrpS30 protein from the rps30a null strain establishes that the duplicated gene (RPS30B) produces a functional yrpS30. We are attempting to isolate this duplicated gene to confirm its structure. The RPS30A gene contains a typical yeast ribosomal protein gene promoter region, which allows coordinate regulation of ribosomal protein gene expression (38) . Notably, the genes encoding Ub(like)-rp fusions also have typical ribosomal protein gene promoters in spite of the unusual fusion structure in both yeast (2) and humans (4, 12) . While several Ub-specific proteases that are capable of cleaving the Ub-rp fusions have been cloned (6, 33) , an FUb-cleaving enzyme has not yet been characterized. We are attempting to isolate such an enzyme(s).
